Abstract: Hybrid metamaterials comprising split-ring resonator (SRR) structures with different gap dimensions are fabricated on polyethylene naphthalate (PEN) films by parallel laser micro-lens array (MLA) lithography and a liftoff process. The unit cell of hybrid metamaterials consists of four SRRs with the same SRR core side length but different gap sizes. The different-gap-size SRRs in each unit cell correspond to different but successive resonance dips, which are coupled to form a significantly broader band with enhanced resonance. The hybrid SRRs design is numerically and experimentally demonstrated, showing a much broader bandwidth to cover all narrowband induced by each SRR and enhanced resonance as compared with a uniform SRR design.
Introduction
Metamaterials are artificially engineered structures that exhibit unique electromagnetic properties, such as negative refractive index and backwards propagation, hence receiving substantial attention in the science and engineering communities over the last ten years. The development of metamaterials with negative index (NIM) was first predicted theoretically by Veselago [1] in 1968, but today's extensive research was initiated only a decade ago inspired by Pendry's proposal of realizing a negative-index material by using a split-ring resonator (SRR) and his prediction of the NIM-based superlens in 2000 [2] . The SRR structure then became one of the most common and well-known structures for NIM structures and has been intensively studied throughout a wide range from radio [3] , microwave [4] , and terahertz (THz) regime [5] , up to the optical range [6] . It has been proven to be especially valuable in the THz regime [7] - [15] , where most naturally existing materials exhibit weak EM wave response. The THz regime, usually defined as spanning between 0.1 and 10 THz, remains the least developed region in the EM spectrum due to the lack of efficient sources, detectors, and functional devices. The advent of metamaterials is expected to close the BTHz gap[ and extend its applications for THz amplifier, phase modulators, and sensors (especially biomolecular sensors). The ease of fabrication at the micrometer level makes SRRs applicable and practical for the THz regime. Different design variations based on SRR structures were proposed by other researchers to enhance the development of the THz metamaterials research. However, most metamaterial designs up to date exhibit narrow-band magnetic and electric responses because of the resonant nature of the SRR-based THz metamaterials, which limit the broadband applications. In this paper, we present an SRR-based hybrid metamaterial design for broadband THz resonance.
Design and Simulation
Finite-integration time-domain simulation is carried out using the commercial software CST Microwave Studio 2011. The materials used for the structures are detailed in Section 3. For the substrate, the real part of the permittivity a and the loss tangent are set as 3.0 and 0.009 over the frequency of interest. Our hybrid SRRs design starts with the design of uniform SRR samples to achieve successive resonance dips over a wider range. Therefore, the first step of our simulation is carried out for uniform SRR samples with a uniform gap size. The definitions of the SRR's parameters are described in the inset of Fig. 1 , and detailed design parameters are given in Table 1 .
Four uniform samples are simulated, identified as Uniform SRR 1, SRR 2, SRR 3, and SRR 4. The unit cell of these uniform samples contains only one SRR structure with the core side length (a & b) of 40 m and linewidth of 5 m, but the gap size is 4, 6, 8, and 10 m for the SRR 1, SRR 2, SRR 3, and SRR 4 samples, respectively. The pitch is kept at 100 m for all samples.
The simulated transmission spectra for uniform samples are plotted in Fig. 1 . The incident electric field is set along the x -direction. It is observed that four uniform samples have different but successive LC resonance frequencies, which are 0.729, 0.766, 0.786, and 0.800 THz for the samples with g ¼ 4; 6; 8; and 10 m, respectively. A clear blue shift of the LC resonance frequency is observed when g changes from 4 to 10 m. This is expected since the subwavelength SRR essentially acts as an LC resonator circuit with ! LC ¼ ðLCÞ À1=2 , where inductance L is mainly related to the effective enclosed area of the SRR, and capacitance C is largely determined by the gap size and the surrounding medium [13] . The increase in the gap size decreases the capacitance of the resonator, thus leading to the resonance frequency blue shift. Fig. 2 . The full-width at half-maximum (FWHM) of the hybrid sample is about 0.06 THz, which is doubled as compared with the uniform SRR resonance. The strength of the resonance for the hybrid sample is also significantly enhanced. The strongest resonance dip is at a frequency of 0.770 THz, which has a dip up to À25.22 dB, having an enhancement up to 1.7 times as compared with the simulated uniform sample. Therefore, the simulation results give the first demonstration that a hybrid SRRs design potentially leads to a broader bandwidth and an enhanced resonance peak, without resorting to any complicated process.
Fabrication and Characterization
To confirm the achievement of enhanced broadband response from the hybrid SRRs, further experimental works on fabrication and characterization are carried out. The uniform SRR and hybrid SRRs structures are fabricated on the heat-stabilized flexible polyethylene naphthalate (PEN) films (Dupont Teijin Films, Teonex Q51, thickness of 100 m) with desired size. The PEN film was first coated with a layer of the Microposit S1822 positive-tone photoresist (PR) with thickness of 1.5 m and baked on a hotplate for 1 min at 110 C. The structures were then exposed on the PR by a Ti: sapphire second-harmonic generation femtosecond laser (Spectra Physics Tsunami, Model 3980, ¼ 400 nm, ¼ 100 fs, repetition rate ¼ 82 MHz) using a micro-lens array (MLA) photolithography technique, which is assisted with a computer numerical control (CNC) program to control the stage movement and the optical shutter. For the synchronic exposure of the patterns, the incident laser beam was split into 10 000 focused tiny light spots by the MLA (pitch: 100 m, focal length: 100 m). After PR development, the samples were coated with a 15-nm-thick Cr film acting as the adhesion layer followed by a layer of 200-nm-thick Au film deposited with an electron beam evaporator (Edwards Auto 306). Gold can be considered as a perfect electric conductor in the THz range. The liftoff process was followed by acetone ultrasonic agitation to remove undesirable PR film with Cr/Au coating, which resulted in the array of uniform and hybrid SRRs forming the THz metamaterial. Microscopic images of the fabricated structures are shown in Fig. 3 . Fig. 3(a) shows the uniform SRR structure with one SRR structure in each unit cell. The core side length (a & b) of each SRR is 40 m, and the gap size is 6 m, corresponding to the sample of uniform SRR 2 indicated in Table 1 . The fabricated hybrid SRRs structure is shown in Fig. 3(b) . As designed, a hybrid SRRs unit cell consists of four SRR cells with uniform core side length (a & b) and linewidth ðw Þ but different antenna gap size g. All the parameters are kept as designed and simulated (see Table 1 ). The pitch p of the samples is defined by the pitch size of the MLA, which is fixed at 100 m.
The sample characterization is carried out with a THz time-domain spectroscopy (THz-TDS) system (TPS3000, Teraview Inc.) in transmission mode. Since the metamaterial samples are fabricated on the PEN, the transmission spectra are normalized against the reference spectrum measured in the same environment with a 100 m PEN film without any SRR. The measured transmission spectra for the uniform SRR 2 and hybrid SRRs are presented in Fig. 4 . It can be 
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Hybrid SRRs for Broadband THz Metamaterials observed that the hybrid SRRs sample has a broader and stronger resonance peak as compared with that of the uniform SRR 2 sample. The FWHM of the hybrid SRRs is 0.30 THz as compared with about 0.11 THz for the uniform SRR 2. This is about three times wider. The intensity of the resonance for the hybrid SRRs is about À39.8 dB at a frequency of 0.79 THz, which is about 3.6 times larger than for the uniform SRR 2, which has a resonance depth of À11.1 dB at a frequency of 0.83 THz. The broader and enhanced response of the hybrid SRRs is due to the increase in the resonator density in each unit cell. The reduced separation distance between SRRs induces strong coupling among hybrid SRRs (this is also confirmed by simulation results shown in Fig. 5) . It is well known that both near-and far-field coupling effects will significantly tune the resonance position, intensity, and bandwidth [15] , [16] . Therefore, the resonance of SRR arrays is not only determined by the properties of the individual SRRs but also by the mutual interaction of the SRRs in two dimensions. The structure density significantly influences the resonance intensity, whereas it has little effect on the resonance wavelength and bandwidth. As the separation of the SRRs in the hybrid sample is about 10 m, which is six times closer as compared with the separation for the uniform SRR structure of about 60 m, a strong electric coupling could be induced between SRRs in each unit and between neighbor units. Although the density of SRR resonators in the hybrid SRRs sample is four times than that in the uniform SRR samples, the enhancement of resonance is less than four times. This is due to a compromise in resonance strength with coupling among different resonators [15] while the microscopic long-range order of a structure has the effect of enhancing the resonance as well. As compared with the simulated spectra, the resonance dips in experiments are much broader. This is due to the ideal assumption taken during simulation. Meanwhile, a slight blue-shift overall resonance frequency for experimentally measured spectra is observed, which may be due to the environment while the simulation is in a homogeneous dielectric environment with a higher refractive index than in atmosphere [14] .
The coupling effects could be further verified by the simulation on the distribution of the electric field at the resonance frequency, as shown in Fig. 5 . For the uniform SRR sample, as indicated in Fig. 5(a) , the higher electrical energy density is present at the gap poles with very weak density in the surrounding and no interaction found between the unit cells. The differences are clearly observed in the hybrid SRRs, as shown in Fig. 5(b) . Although the electrical energy density distribution is reduced in the entire unit cell, the electrical energy is significant between the SRRs in each unit cell and is even strongly apparent between the unit cells. This further confirms the existence of coupling effects among the SRRs in the hybrid design. Both experimental and simulation reveal that the hybrid SRRs design provides a promising and simple way to broaden and enhance the response from the initial design without any postprocessing.
Conclusion
A hybrid SRRs structure is designed and fabricated to demonstrate its performance for a broader bandwidth with resonance enhancement. Both experiment and simulation reveal that the hybrid SRRs design could have a 2-3 times enhancement in bandwidth and resonance intensity. Tuning the metamaterial resonance from the initial design is a promising way to broaden the bandwidth and enhance the resonance. Further research could be carried out to realize a much broader bandwidth THz metamaterial based on these hybrid SRRs design and other postfabrication processing such as multilayer stacking.
